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Summary
Establishment of limb innervation by motor neurons
involves a series of hierarchical axon guidance deci-
sions by which motor-neuron subtypes evaluate pe-
ripheral guidance cues and choose their axonal trajec-
tory. Earlier work indicated that the pathway into the
dorsal limb by lateral motor column (LMC[l]) axons re-
quires the EphA4 receptor, which mediates repulsion
elicited by ephrinAs expressed in ventral limb meso-
derm. Here, we implicate glial-cell-line-derived neuro-
trophic factor (GDNF) and its receptor, Ret, in the
same guidance decision. In Gdnf or Ret mutant mice,
LMC(l) axons follow an aberrant ventral trajectory
away from dorsal territory enriched in GDNF, showing
that the GDNF/Ret system functions as an instructive
guidance signal for motor axons. This phenotype is
enhanced in mutant mice lacking Ret and EphA4.
Thus, Ret and EphA4 signals cooperate to enforce
the precision of the same binary choice in motor-
axon guidance.
Introduction
Establishing connectivity between particular neurons
and their target tissue is a highly complex process that
can be broken down into modular steps requiring binary
decisions (Dickson, 2002). This is true for the topo-
graphic organization of motor projections to specific
muscle targets in the hindlimb (Lance-Jones and Land-
messer, 1981). Motor neurons are organized in longitudi-
nal columns in the ventral spinal cord and their axons exit
the spinal cord through the ventral roots. Limb-innervat-
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5 These authors contributed equally to this work.ing motor neurons are located in the lateral motor col-
umn (LMC). Initially, all LMC axons project along a com-
mon trajectory, but at the base of the limb, they undergo
sorting and enter the limb either along a ventral (LMC[m])
or dorsal path (LMC[l]). This binary decision is thought to
be controlled by local guidance cues expressed in limb
mesenchymal cells and mediated by receptors on motor
axons or axon-axon interactions (Eberhart et al., 2004;
Lance-Jones and Landmesser, 1981; Tang et al., 1994).
A number of studies in mice and chick have implicated
the ephrinA-EphA4 signaling system in repulsive guid-
ance of LMC(l) axons to the dorsal limb. Ephrins are
membrane-linked guidance molecules that typically
exert repulsive effects mediated by Eph receptor tyro-
sine kinases (RTKs) (Poliakov et al., 2004). Eph RTKs
are subdivided into two classes, EphAs and EphBs,
largely reflecting their binding preferences for GPI-
linked ephrinAs and transmembrane ephrinBs. LMC(l)
axons express higher levels of EphA4 protein than
LMC(m) axons (Eberhart et al., 2000; Helmbacher et al.,
2000), and ephrinA protein levels are higher in ventral
than dorsal limb mesenchyme (Eberhart et al., 2000;
Kania and Jessell, 2003; Ohta et al., 1997). Inactivation
of the mouse ephA4 gene (ephA4lacZ allele) causes mis-
projection of dorsal (peroneal) axons into a ventral trajec-
tory, which can lead to hindlimb stiffness (club foot phe-
notype) (Helmbacher et al., 2000). Conversely, ectopic
expression of EphA4 in chick LMC(m) neurons causes
dorsal rerouting of their ventrally fated axons (Eberhart
et al., 2002; Kania and Jessell, 2003). The current simple
model says that EphA4-expressing LMC(l) axons are re-
pelled from ephrinA-positive ventral limb. The situation is
complicated by the observation that LMC(l) axons coex-
press ephrinA ligands with EphA receptors (Eberhart
et al., 2000; Iwamasa et al., 1999) and that EphA4
mRNA and protein are expressed by dorsal limb mesen-
chyme (Eberhart et al., 2000; Helmbacher et al., 2000;
Kania and Jessell, 2003). Because ephrinAs have reverse
signaling properties (Knoll and Drescher, 2002; Murai
and Pasquale, 2003), it has been suggested that axonal
ephrinAs are functionally uncoupled from EphAs and
mediate attraction toward EphA4-positive dorsal-limb
mesenchyme (Marquardt et al., 2005).
Despite these major advances, many questions re-
main unanswered. It is not understood how repulsive
ephrinAs in the ventral hindlimb mesenchyme instruct
EphA4-positive axons to extend dorsally in the limb.
Also, the severity of the ephA4 loss-of-function pheno-
type is somewhat variable depending on which ephA4
allele is studied (see below) and does not always result
in stiff hindlimbs (Dottori et al., 1998; Helmbacher et al.,
2000; Kullander et al., 2001; Leighton et al., 2001). These
unsolved issues suggested the existence of yet un-
known guidance cues that act in parallel to the EphA4
pathway. In this study, we present evidence that Ret,
the signaling receptor for glial-cell-line-derived neuro-
trophic factor (GDNF) and related ligands, mediates the
dorsoventral choice of limb-innervating motor neurons.
GDNF was originally identified as a survival factor for
embryonic dopaminergic neurons (Lin et al., 1993) and
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36Figure 1. Higher Levels of Ret Protein on Dorsal Compared to
Ventral Motor Axons Innervating the Hindlimb
(A) Schematic drawing of limb-innervating peroneal (peroneal, PN)
and tibial nerves (tibial, TN) in transverse sections of E11.5 mouse
embryos. DRG, dorsal root ganglion; MC, motor column.
(B–I) Immunohistochemical analyses on transverse vibratome sec-
tions of wild-type mouse embryos at the level of the sciatic plexus
with antibodies against EphA4 (B and C), Ret (D, E, and G–I), and
GFRa1 (F) with either alkaline phosphatase (B, C, and G–I) or perox-
idase (D–F) substrates for stainings. In E11.5 (52 somites) embryos,
high levels of EphA4 (B and C) and Ret (E and I) are detected in pe-subsequently has been shown to be a physiological sur-
vival signal and axon outgrowth promoting factor for
various neurons (Krieglstein et al., 2002; Markus et al.,
2002; Oppenheim et al., 2000). GDNF was also found
to specify motor-neuron identity by inducing expression
of the transcription factor PEA3, thereby modulating
axon growth toward specific muscle targets (Haase
et al., 2002). Ectopic expression of GDNF in muscle in
transgenic mouse models leads to local hyperinnerva-
tion (Nguyen et al., 1998), consistent with GDNF acting
as a branching factor and synaptotrophin (Keller-Peck
et al., 2001). However, there is as yet no evidence that
GDNF influences directly or indirectly axon guidance de-
cisions in an instructive manner. Most of the cellular re-
sponses to GDNF are mediated by a heterodimeric re-
ceptor complex consisting of the Ret receptor tyrosine
kinase and the coreceptor GFRa1 (reviewed in Sariola
and Saarma [2003]). Recent evidence, however some-
what controversial, indicates the presence of Ret-inde-
pendent signaling pathways outside the motor-neuron
system (Pozas and Ibanez, 2005; and references within).
Here, we show that GDNF/Ret signaling mediates the
topographic projections of LMC(l) motor axons toward
dorsal limb muscles. This requirement becomes evident
before the period of programmed cell death and ap-
pears to be a true axon guidance decision rather than
an axon growth promoting effect. In absence of Ret sig-
naling, a significant proportion of dorsally fated axons
are rerouted ventrally, while ectopic expression of Ret
is sufficient to reroute some LMC(m) axons into the dor-
sal nerve trunk. Moreover, GDNF appears to be strictly
required for Ret-expressing motor axons to innervate
the dorsal compartment. The Ret loss-of-function phe-
notype is enhanced by the absence of EphA4 and vice
versa, suggesting that the GDNF/Ret and ephrin/
EphA4 signaling pathways act simultaneously and in
parallel. Thus, Ret and EphA4 signals cooperate to en-
force the precision of the same binary choice in motor-
axon guidance.
Results
Differential Expression of Ret on Hindlimb
Innervating Motor Axons
For a signaling system to coordinate topographic pro-
jections of motor axons into the limb, we expected to
find differential expression of the receptors on motor
axons and of the ligand in limb mesenchyme similar to
what has been described for EphA4 (Figures 1B and
1C) (see also Helmbacher et al. [2000]) and their ephrinA
ligands (Kania and Jessell, 2003; Eberhart et al., 2000).
Immunostainings on E11.5 mouse embryos with anti-
bodies against Ret revealed high levels of Ret
roneal nerve axons innervating the dorsal part of the limb (arrow),
whereas ventral tibial axons are weakly labeled (arrowhead). High
levels of Ret are detected on cell bodies of LMC motor neurons
and their ventral roots (arrows in [D]), whereas cell bodies and pe-
ripheral axons of DRG sensory neurons are weakly labeled (arrow-
head in [D]). In a time course of Ret expression (G–I), the difference
in protein levels on the axons appears at w45 somite stage. Anti-
bodies against neurofilament (see Figure 3) and GFRa1 labeled dor-
sal and ventral axons equally well (F). Scale bars in (B), (C), and (D)
are 250 mm. All panels except (B) were taken at the same magnifica-
tion as (C).
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37Figure 2. GDNF Expression at the Dorsoventral Branchpoint of Hind-
limb-Innervating Axons
(A–C) Immunohistochemical analyses on transverse vibratome sec-
tions of wild-type E11.5 (52 somites) embryos at the level of the sciatic
plexus with antibodies against GDNF ([B] is higher magnification of
[A]; [C] is a section of the other hindlimb of the same embryo).
GDNF immunoreactivity (stippled line) was highest in the vicinity of
dorsal axons and lower near ventral axons (arrowhead). Some label-
ing of the axons was also observed (arrow in [A] and [B]) possibly be-
cause of uptake of GDNF.
(D–L) Anti-neurofilament 160 antibody staining on whole-mount (D,G,
and J) and vibratome sectioned (E,F,H,I,K, and L) gdnflacZ/+ embryos
at the indicated somite stages (ranging from E10.5 to E11.5). b-galac-
tosidase activity (blue) reflects GDNF-producing cells. At the stage b-
galactosidase activity is first detected at the plexus (41–42 somites
[D–F]), tibial axons (arrowhead) have already extended ventrally past
the plexus, while few axons are seen taking a dorsal turn (arrow), just
where GDNF-expressing cells are located. In older embryos (45–46so-
mites), the peroneal nerve branch splits away from the tibial branch at
the point of highest GDNF concentration (G–I), while peroneal growth
cones have already exited the stained area. In 52 somite embryos,immunoreactivity on the axons of neurons that project
into the dorsal limb mesenchyme and will form the pero-
neal nerve (Figures 1E and 1I). Lower levels of Ret pro-
tein were found on ventrally projecting axons, which
will form the tibial nerve (Figures 1E and 1I). Peroneal
and tibial nerves are made up of motor and sensory
axons, which originate from spinal cord ventral roots
and dorsal root ganglia (DRGs), respectively. To distin-
guish between motor and sensory axons, we examined
Ret expression at the proximal aspects of the nerves be-
fore motor and sensory axons join (Figure 1D). Ret im-
munoreactivity was high in LMC motor axons, whereas
the peripheral axons of DRG neurons showed weak
staining at this stage of development (Figure 1D) consis-
tent with the absence of detectable mRNA (Figures S1A,
S1D, and S1G). With regard to the cell bodies, Ret immu-
noreactivity was uniformly high on most LMC motor
neurons (Figure 1D and Figures S1J–S1L). Ret mRNA
levels were consistently higher in LMC(l) than LMC(m)
motor neurons based on the markers RALDH2 and
Lim1 (Sockanathan and Jessell, 1998; Tsuchida et al.,
1994) (Figure S1).
We next asked how selective Ret protein expression
was at earlier time points before axons choose between
dorsal and ventral trajectories. In 40–41 somite-stage
embryos, when axons of LMC neurons had just reached
the dorsoventral (DV) choice point in the limb, Ret pro-
tein was clearly detectable on distal axons (Figure 1G).
In older embryos (45–46 somites), in which two nerve
bundles emerge from the plexus, the ventral LMC(m)-
derived bundle showed lower levels of Ret than seen
on proximal or on dorsally projecting LMC(l) axons
(Figure 1H). At E11.5 (52 somites), differential Ret ex-
pression was pronounced (Figure 1I). In contrast to
Ret, GFRa1 immunoreactivity was equal on both pero-
neal and tibial nerves and very strong on dorsal root
ganglia neurons, precluding us from comparing GFRa1
levels on motor axons (Figure 1F and data not shown).
GDNF Expression at the Pathway Selection Point
We next analyzed GDNF expression in the hindlimb with
specific anti-GDNF antibodies and by monitoring b-ga-
lactosidase activity in GdnflacZ/+ embryos (Moore et al.,
1996). Both methods revealed an important source of
GDNF in the territory immediately dorsal to the sciatic
plexus where peroneal axons branch off from tibial
axons (Figure 2). Anti-GDNF immunoreactivity, but no
b-galactosidase activity, was also detected on limb-in-
nervating axons (Figures 2B and 2K) possibly represent-
ing retrogradely transported GDNF. The combination of
neurofilament staining and b-galactosidase activity in
GdnflacZ/+ embryos allowed us to determine the exact
timing of GDNF expression with respect to axon growth.
In 39–40 somite-stage embryos, no GDNF was present
at the base of the limb before the arrival of axons
(Figure S2). In 41–42 somite-stage embryos, a highly lo-
calized source of GDNF was seen around and slightly
dorsal to the point of nerve defasciculation (Figures
2D–2F). In older embryos (45–46 somites), both nerve
branches had extended along their dorsal and ventral
GDNF expression continues to increase as the nerves elongate (J–L).
An additional ventral source of GDNF can be seen, where small
side branches of the tibial nerve develop (L). Scale bars are 250 mm.
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38Figure 3. Reduction of Dorsal Hindlimb In-
nervation in Ret2/2 Mice
Anti-neurofilament 160 whole-mount-stained
hindlimbs from wild-type (wt) (A and B) and
Ret2/2 embryos (C–H) of the indicated em-
bryonic stages. Ret2/2 embryos were classi-
fied into different categories (I = mild, II = in-
termediate, or III = severe) as specified in
Experimental Procedures. The images show
the hindlimb with distal to the right and dorsal
being up. In E11.5 wt embryos, the distal ex-
tensions of dorsal and ventral axons had ap-
proximately the same length (A). In contrast,
dorsal axons (arrows) of Ret2/2 embryos
showed limited extension compared to
stage-matched controls and were reduced
in numbers and diameter (C, E, and G). At
E12.5, limb nerves of wt embryos had grown
in length and extended side branches in a ste-
reotype pattern (B). The corresponding sche-
matic drawing depicts the relevant nerves in
red, whereas other axons are drawn in gray
ink (B0, D0, F0, and H0). Peroneal nerves of
stage-matched Ret2/2 embryos were much
reduced in length and complexity (arrows in
[D], [F], and [H]). The sciatic plexus is indi-
cated with an asterisk and the ventral axons
with an arrowhead. Scale bars in (A) and (B)
are 250 mm. (I) Distribution of different cate-
gories of phenotypes in Ret2/2 mutants at
E11.5 and E12.5 (n = number of legs).trajectories, and GDNF expression was increased. The
bulk of GDNF expression was seen just dorsal to the
branch point of the two nerves (Figures 2G–2I). At
E11.5 (52 somites), GDNF expression was maintained
and somewhat enlarged adjacent to the dorsal branch
(Figures 2J–2L). An additional source of GDNF was de-
tected just ventral to the tibial nerve and may be the
source of attraction for some axon branches emerging
from the tibial nerve (Figures 2J–2L, see also Figure
2C). These expression patterns raised the possibility
that GDNF acts as a guidance signal for Ret-positive
motor axons.
Defective Dorsal Hindlimb Innervation
in the Absence of Ret Signaling
To evaluate if Ret signaling was required for guidance of
limb innervating axons during development, we ana-
lyzed hindlimb innervation in Ret null mutant embryos.
We focused our analysis on axons emerging from the
sciatic plexus that innervate distal hindlimb muscles be-
cause the femoral plexus, which contains axons inner-
vating proximal hindlimb muscles, did not show any
phenotype (data not shown; see also Figures 5F–5I). In
wild-type E11.5 neurofilament-stained embryos, both
peroneal and tibial nerve branches have grown to ap-
proximately the same size (Figure 3A). In E11.5 Ret null
mutants, the developing ventral nerve appeared some-
what thicker, whereas the dorsal branch was reduced.
Because the degree of reduction varied between indi-
vidual stage-matched embryos, we grouped embryos
according to three categories (Cat I: mild, Cat II: interme-
diate, Cat III: severe; see Experimental Procedures for
definitions). Most of the Ret mutant embryos showed in-
termediate reductions (Cat II; Figures 3C, 3E, 3G, and 3I).
At E12.5, both nerves have grown considerably in length
and became subdivided into smaller branches. In wild-type embryos, the peroneal nerve divided into two
branches in the dorsal part of the limb (arrow in
Figure 3B). In the majority of Ret mutant embryos, this
branchpoint was either absent or became the most dis-
tal extension of the peroneal nerve, which was also sig-
nificantly reduced in diameter (Figures 3D, 3D0, 3F, 3F0,
3H, and 3H0). In the most severe cases (Cat III), the
almost complete absence of the nerve suggested that
this phenotype affected both sensory and motor axons.
Both at E11.5 and E12.5, the ventral nerve appeared en-
larged in diameter with a severity that correlated with the
reduction of the peroneal nerve (Figures 3C–3H, see
later). These results indicated that the expression of
Ret protein is required for the topographic projection
of hindlimb-innervating axons.
Conditional Inactivation of Ret
in the Embryonic Spinal Cord
We next asked whether the hindlimb innervation pheno-
type reflected a cell-autonomous function of Ret in mo-
tor neurons or a secondary consequence of defects in
other Ret-expressing cell types, such as sensory neu-
rons and somite derivatives (Golden et al., 1999; Pachnis
et al., 1993). To inactivate the Ret gene in specific cell
populations with the Cre-loxP recombination system,
we generated a conditional allele of the Ret locus by
flanking exon 12 with loxP sites (Retlx allele) (Figures
4A and 4B). We first attempted to use an HB9 pro-
moter-driven (Yang et al., 2001) Cre recombinase to spe-
cifically remove Ret from spinal motor neurons. How-
ever, although HB9-Cre mice showed specific and
robust recombination in motor neurons of the brachial
region, recombination in the lumbar region was more
widespread including other neuron populations and in-
complete with respect to the LMC(l) subpopulation at
L3 to L5 levels (Figure S3). We therefore used nestin
Ret and EphA4 Cooperation in Motor-Axon Guidance
39Figure 4. Conditional Inactivation of the Ret
Gene Using the Cre-loxP System
(A) Targeting strategy for the generation of
mice carrying a floxed Ret locus. Exons are
depicted as white boxes. Floxed (black trian-
gles = loxP sites) exon 12 encodes the ATP
binding site of the Ret kinase domain. The
FRT-flanked (gray triangles) neomycin selec-
tion marker (neo) was subsequently removed
by intercrossing with a mouse line transgenic
for Flp recombinase. SacI restriction sites
(‘‘S’’), the probe used for Southern hybridiza-
tion, and the expected SacI DNA fragment
lengths are indicated.
(B) Southern blot analysis of SacI-digested
DNA from two independent ES cell clones.
(C) b-galactosidase activity in sections of
nestin-Cre;Rosa26R (Nes-Rosa26R) trans-
genic spinal cords of the indicated embryonic
stages at lumbar level. Note that in E10.5 and
E11.5 embryos, nestin-Cre-mediated recom-
bination is very strong in spinal cord including
LMC neurons but absent from DRGs.
(D) Western blot analysis of Ret protein levels
in lysates from E12.5 spinal cords derived
from Ret+/2 and Ret2/2 and from control
(Retlx/+ and Nes-Retlx/+) and nestin-Cre;Retlx/lx
mutants (Nes-Retlx/lx). Immunoblots were re-
probed with a-tubulin antibodies as loading
controls.
(E) Picture of a postnatal day-21 Nes-Retlx/lx
mutant with stiff hindlimb (arrow).
(F–I) Anti-neurofilament 160 staining of hind-
limbs from littermate control (Retlx/lx) (F and
G) and Nes-Retlx/lx mutant (H and I) embryos
of the indicated embryonic stages. (G0 and I0)
show schematic representations. Scale bars
are 250 mm.
(J and K) Distribution (in percent) of different
categories of phenotypes in Ret2/2 and Nes-
Retlx/lx mutants at E11.5 (n = 14 and n = 24, re-
spectively)andE12.5 (n=26andn=30, respec-
tively).promoter-driven Cre mice (Tronche et al., 1999), which
show a more robust recombination in most cells of the
spinal cord (Figure 4C). Importantly for this study, in early
stage embryos (E10.5 and E11.5), nestin-Cre-mediated
recombination was absent from lumbar level DRG neu-
rons (Figure 4C). Recombination in lumbar DRGs was
not detectable until E12.5. Therefore, in homozygous
Retlx/lx mutants carrying one copy of the nestin-Cre
transgene (Nes-Retlx/lxmice) only limb-innervating motor
axons would be deficient for Ret protein. Western blot
analysis revealed that Ret protein levels were strongly re-
duced but not completely absent in E12.5 nes-Retlx/lx
spinal cords (Figure 4D). Ret immunostainings on
Nes-Retlx/lx spinal cords revealed a certain degree of re-
combination variability, with some animals showing
complete excision and others with considerable Ret im-
munoreactivity in the motor columns (data not shown).
Unlike Ret null mutants, which die at birth because of
kidney agenesis (Schuchardt et al., 1994), Nes-Retlx/lx
mice were viable and fertile (data not shown). Interest-
ingly, they displayed a similar abnormal hindlimb posi-
tion (club-foot) phenotype as the EphA4lacZ/lacZ mutants
(Helmbacher et al., 2000) (Figure 4E). This phenotype
may be quite complex because GDNF/Ret are knownto be required for motor-neuron survival during late em-
bryogenesis (Oppenheim et al., 2000). However, the limb
position was most consistent with a higher activity of
ventrally derived muscles of the distal hindlimb (foot ex-
tensors) than of dorsally derived muscles (foot flexors),
rather than with general muscle wasting, suggesting
that Nes-Retlx/lx mice suffered from similar abnormal
hindlimb innervation defects as EphA4lacZ/lacZ mutants.
To directly test this, we investigated hindlimb innerva-
tion patterns in neurofilament-stained Nes-Retlx/lx em-
bryos compared to stage-matched control Retlx/lx mu-
tants. Contrary to Retlx/lx control mice that displayed
normal peroneal and tibial nerves (Figures 4F and 4G),
the peroneal nerves of Nes-Retlx/lx mutants were re-
duced in length at E11.5 and complexity at E12.5 (Fig-
ures 4H–4K). The majority of E12.5 Nes-Retlx/lx mutants
showed mild phenotypes, somewhat less severe than
Ret null mutants possibly because of recombination var-
iability. These results demonstrate that removing Ret in
the spinal cord is sufficient to alter the formation of the
peroneal nerve, indicating that this phenotype reflected
a cell-autonomous function of Ret in motor neurons.
These observations also show that the effect of the
Ret mutation on sensory axon behavior detected at least
Neuron
40Figure 5. Rerouting of Lim1-Positive LMC(l) Axons to a Ventral
Pathway
(A–C) Schematic drawings of the peroneal (PN) and tibial nerves (TN)
growing out of the sciatic plexus (asterisk) in E11.5 (A) and E12.5 em-
bryos (C). (A) Reference lines (1–3) used for measuring the lengths of
PN and TN are indicated. (B) Quantification of the nerve lengths in
E11.5 embryos (pooling all categories) indicated as the ratio PN/
TN. The average reductions in Nes-Retlx/lx and Ret2/2 mutants
were significant (p < 0.00001; Student’s t test). (C) The thickness of
the tibial nerve was determined at reference point 4, which was lo-
cated just distal to a characteristic dorsal branchpoint where
some axons (gray) take a trajectory toward the posterior limb mes-
enchyme. To measure the thickness of the peroneal nerve, reference
point 5 was first placed at the major distal branchpoint of the nerve,
and the thickness of the nerve was determined at reference point 6,
which was placed proximal to point 5.
(D and E) Average thickness of TN and PN in the indicated E12.5 mu-
tants compared to their stage-matched wild-type controls (asterisk
indicates p < 0.00001; Student’s t test). Note the correlation between
the increase in TN thickness and the decrease in PN thickness in all
mutants compared to stage-matched controls.
(F and G) b-galactosidase staining of E12.5 Lim1tlz/+ control and
Lim1tlz/+;Nes-Retlx/lx embryonic hindlimbs (dorsal up, distal right)
depicting the path of peroneal axons.
(H and I) Anti-neurofilament 160 staining of genetically identical age-
matched controls depicting peroneal and tibial nerves. The normal
positions of peroneal (blue in [F] and [G]) and tibial (unstained) axons
are indicated by arrows and arrowheads, respectively. Note that the
peroneal nerve in Lim1tlz/+;Nes-Retlx/lx embryos (stained blue) is re-
routed to the path of the tibial nerve. The remaining peroneal axons
in the neurofilament-stained Lim1tlz/+;Nes-Retlx/lx embryo (I) are notin the most severe cases is likely to be secondary to the
motor-axon phenotype.
Absence of Ret Causes Lim-Positive Motor Axons
to Misproject to the Ventral Hindlimb
We next asked whether the observed reduction in length
and complexity of the mutant peroneal nerve was due to
motor-neuron death, reduced motor-axon outgrowth or
to the rerouting of axons from a dorsal to a ventral trajec-
tory. Motor-neuron death had been previously investi-
gated in GDNF- and GFRa1-deficient mice. Although
GDNF, GFRa1, and Ret are required for motor-neuron
survival, analyses of the respective mouse mutants
failed to detect increased motor-neuron death before
the onset of naturally occurring cell death at E13 (lumbar
levels) (Oppenheim et al., 2000). We therefore excluded
increased motor-neuron death as the possible cause of
the peroneal nerve reduction in E12.5 Ret mutants. To
better distinguish between reduced axon outgrowth
and misrouted projections, we quantified the phenotype
by measuring the length and thickness of the affected
nerves. In E11.5 embryos, the average length of the pe-
roneal nerve was reduced by approximately 40% in both
Nes-Retlx/lx and Ret null mutants (Figures 5A and 5B). In
E12.5 embryos, the average thickness of the peroneal
nerve was reduced, and the thickness of the tibial nerve
was increased in both Ret null and Nes-Retlx/lx mutants
(Figures 5D and 5E, see also Figures 3C–3H and 4F–4I).
This suggested that LMC(l) axons that normally project
to the dorsal hindlimb mesenchyme were rerouted to
a ventral pathway.
To trace the axonal projections of LMC(l) axons, we
used mice in which the gene encoding the Lim1 homeo-
domain transcription factor had been replaced by a tau-
lacZ cassette (Limtlz allele) (Kania et al., 2000). The ex-
pression of b-galactosidase in Limtlz/+ embryos
specifically labeled LMC(l) axons projecting to the dor-
sal limb (Figures 5F and 5H). We crossed the Limtlz/+
mice with both the Ret null and Nes-Retlx/lx mutants
and analyzed the projection of b-gal-positive hindlimb
axons compared to stage-matched anti-neurofilament-
stained embryos of the same genotype. Analysis of
Limtlz/+;Nes-Retlx/lx embryos at E12.5 (Cat III; n = 4 em-
bryos) revealed that most detectable b-gal-positive
axons followed an aberrant ventral trajectory matching
that of the tibial nerve (Figures 5G and 5I). Similar results
were obtained with Limtlz/+;Ret2/2 embryos (n = 3 em-
bryos, data not shown). Despite the variability in
strength of the phenotype observed by anti-neurofila-
ment staining, we failed to detect dorsally projecting b-
gal-positive axons, most likely because of the low level
of lacZ expression. Because the bundle of ventrally pro-
jecting b-gal-positive axons was comparable in length
and diameter to those that project dorsally in control
b-galactosidase positive and may contain mostly sensory axons.
b-galactosidase positive axons emerging from the femoral plexus
are out of focus (indicated by two asterisks). The small branch
emerging from the rerouted lim1 positive axons (black asterisk in
[G]) does not match the very stereotyped trajectory of dorsal grow-
ing PN axons but matches with the branch that exits the PN in the
wild-type at this level (black asterisk in [F]). The branches appear dif-
ferent in length because the pictures are taken from whole-mount
legs, which can have a slightly different position. Scale bars are
250 mm. Error bars represent SEM.
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41Figure 6. Ectopic Expression of Ret in LMC(m) Neurons Results in Aberrant Projections of Motor Axons into the Dorsal Nerve and Defective Path-
finding
(A) Schematic diagram of retrograde labeling in chick from the dorsal nerve trunk of the crural plexus, which labels motor-neuron cell bodies in the
LMC(l) normally (red), at stage 28.
(B, C, and C0) Retrograde DiI (B) or dextran (C, C0) tracing (red) at stage 28 of the dorsal nerve trunk of the crural plexus of a control embryo
(B) and of an embryo electroporated at stage 15 with Ret/EGFP (C and C0). (C) Merged image with dextran (dex; red) and Ret/EGFP (green);
(C0) same image as (C), showing Ret/EGFP (green) primarily in LMC(m) neurons. (B) In control embryos, dorsally projecting neurons are ex-
clusively located in the LMC(l), which lack Islet1 labeling (Isl in blue; n = 5). (C and C0) In the Ret/EGFP-overexpressing embryo, where Ret/
EGFP is primarily expressed in LMC(m) neurons, dextran-positive neurons (red [C]) can be seen not only in the LMC(l) but also in five neu-
rons (yellow; arrows) located in the LMC(m), costained with Ret/EGFP (n = 7). These results show that some LMC(m) neurons misproject
dorsally in the crural plexus, instead of their normal ventral trajectory.
(D–G0) Analysis at stage 28 of peripheral projections in embryos electroporated at stage 15 with EGFP (D and D0; n = 10) or Ret/EGFP (E–G0; n
= 13). EGFP fluorescence is shown alone (D0, E0, F0, and G0) or in combination with anti-NF (blue) or anti-EphA4 (red) stainings (D, E, F, and
G). Dorsally fated LMC(l) axons stain purple (NF+ EphA4), whereas ventrally fated LMC(m) axons overexpressing EGFP or Ret-EGFP stain
green (NF+ green fluorescence). (D and D0) When EGFP (control) is expressed primarily in LMC(m) neurons, green fluorescent axons are ob-
served mainly in the ventral nerve trunk (v), reflecting the normal trajectory of LMC(m) axons. Arrows mark LMC(m), EGFP-positive (green)
cell bodies; arrowheads mark EGFP-positive (green) axons. White dashed circle outlines LMC. (E–G0) Three examples of embryos in which
Ret/EGFP is ectopically overexpressed mainly in LMC(m) motor neurons (F, inset). (E and E0) Example of an embryo in which ventrally fated
LMC(m) axons overexpressing Ret/EGFP stall at the DV choice point. (F and F0) Example of an embryo in which some LMC(m) axons project
apparently equally into the dorsal (d) and ventral (v) nerve trunks. (G and G0) Example of an embryo in which some LMC(m) axons misproject
predominantly into the dorsal nerve trunk (d) when c-Ret/EGFP (green) is ectopically expressed.embryos, these results suggest that the absence of
Ret protein redirects LMC(l) axons from a dorsal to
a ventral trajectory without affecting axonal growth. In
combination with the Limtlz allele, the phenotype of
Nes-Retlx/lx mice appeared more severe than in the wild-
type Lim1 background, suggesting that heterozygosity
for Lim1 reduced the expression of EphA4 (see below)
(Kania and Jessell, 2003).
LMC(m) Neurons Project Axons Aberrantly
into the Dorsal Nerve Trunk and Exhibit Defective
Pathfinding when c-Ret/EGFP Is Ectopically
Expressed
Previous studies have shown that LMC(l) neurons in
chick also express Ret (Homma et al., 2000; Soleret al., 1999). To examine Ret function further, we asked
whether ectopic expression of Ret in chick affected
the projections of LMC(m) neurons. Taking a gain-of-
function approach, the short form of chick Ret (together
with EGFP) was targeted predominantly to LMC(m) mo-
tor neurons in chick embryos at stage 15, by in ovo elec-
troporation as previously described (Eberhart et al.,
2002; Swartz et al., 2001), and compared its effects to
transfections of EGFP alone (n = 15 total embryos). In
a first series of experiments, DiI or fluorescent dextran
was applied to the dorsal nerve trunk of electroporated
embryos at stage 28 to retrogradely label LMC cell bod-
ies and determine the position of motor neurons that
had projected axons into the limb (Figure 6A). In con-
trols, retrograde labeling of the dorsal nerve trunk
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LMC(l) (Figure 6B). In embryos electroporated with Ret/
EGFP, both LMC(l) and LMC(m) motor neurons were ret-
rogradely labeled (with dextran) (Figures 6C and 6C0).
We quantified the numbers of retrogradely labeled,
Ret/EGFP-positive LMC(m) neurons (red plus green)
versus the total number of LMC(m) neurons that ex-
pressed Ret/EGFP (green) in these embryos, deter-
mined the means of each group, and found that 33.5%
of the Ret/EGFP-positive LMC(m) neurons were retro-
gradely labeled. These results indicate that Ret overex-
pression is sufficient to drive a significant population of
motor axons dorsally in the hindlimb. No alterations in
motor-neuron identity or motor-neuron-settling patterns
were found because Ret/EGFP-positive LMC(m) neu-
rons express Islet1/2 strongly and do not express
EphA4 or Lim1, markers for LMC(l) neurons (Figures 6E
and 6F; data not shown).
We next determined the effects of ectopic Ret expres-
sion on the development of the topographic projections
of LMC neurons. As expected, in 100% of control em-
bryos, EGFP-positive LMC(m) axons projected ventrally,
but not dorsally, in the hindlimb (Figures 6D and 6D0).
However, we found that LMC(m) axons that ectopically
expressed Ret/EGFP displayed three defects. First,
some LMC(m) motor axons that expressed Ret/EGFP
did not extend into the dorsal nerve trunk of the crural
plexus but appear delayed and disoriented near the en-
trance to this region, apparently exhibiting defective
axon pathfinding (5/13 embryos) (Figures 6E and 6E0).
Of note, these motor axons and their cell bodies would
not be labeled by our retrograde injections of dextrans
into the dorsal nerve trunk (see Figures 6C and 6C0) be-
cause they have not advanced far enough into the dorsal
nerve. Second, equivalent numbers of LMC(m) axons
that expressed Ret/EGFP ectopically projected aber-
rantly into the dorsal limb, as those extending on their
normal ventral trajectory (6/13 embryos; Figures 6F
and 6F0; compare to Figures 6D and 6D0). Thirdly,
LMC(m) neurons that ectopically expressed Ret/EGFP
projected dorsally and very few grew into the ventral
nerve trunk (2/13 embryos; Figures 6G and 6G0). We
never found any Ret/EGFP-positive LMC(m) axons that
misprojected along the dorsal ramus, to innervate axial
muscle (data not shown), indicating that general limb
versus axial pathway choices were unaltered. Collec-
tively, these results indicate that motor neurons in the
LMC(m) misproject into the dorsal nerve trunk and ex-
hibit defective pathfinding when expressing Ret/EGFP,
without concomitant changes in motor-neuron identity
or gross pathway alterations.
Defective Dorsal Hindlimb Innervation
in the Absence of GDNF
Having established that Ret is required and sufficient for
dorsal-axon projections in the hindlimb, we next exam-
ined whether removal of GDNF would similarly affect the
pathfinding of limb-innervating axons at the level of the
sciatic plexus. Similar to Ret null and Nes-Retlx/lx mu-
tants, the complexity of the peroneal nerve was reduced
in Gdnf mutant (Moore et al., 1996) compared to stage-
matched control embryos (Figures 7A and 7B). Classifi-
cation into different categories revealed that the major-
ity of Gdnf mutant embryos showed severe phenotypes(Cat III) (Figure 7C). Similar to the Ret mutants, the diam-
eter of the peroneal nerve was decreased, whereas the
diameter of the tibial nerve was increased, suggestive
of a rerouting phenotype (Figure 7D). In comparison to
the Ret mutants, the Gdnf mutants appeared to have
the most severe phenotype (Figure 7E), although we
cannot exclude an influence of the genetic background.
These results indicate that GDNF is also required for
correct pathfinding of hindlimb-innervating axons.
GDNF/Ret and ephrinA/EphA4 Signaling
Coordinately Guide LMC(l) Axons
to the Dorsal Hindlimb
So far, our results have established a requirement for
GDNF/Ret signaling in the establishment of the dorsal
trajectory of LMC(l) axons in addition to the known
EphA4/ephrinA guidance system. Maintenance of
Lim1-tauLacZ expression in Ret mutant motor neurons
(Figure 4) suggests that, like EphA4, Ret acts down-
stream of Lim1 in the LMC(l) population. We therefore in-
vestigated how these two guidance systems cooperate
to establish the dorsal trajectory of LMC(l) axons.
Because GDNF/Ret signaling has previously been
shown to promote axon growth and neuron specifica-
tion via transcriptional regulation (Haase et al., 2002;
Helmbacher et al., 2003), we first asked whether the ac-
tion of Ret would be to maintain the expression of
EphA4, thereby indirectly modulating LMC(l) axon guid-
ance. Anti-EphA4 immunostainings of E11.5 wild-type
embryos showed high levels of EphA4 in dorsal and
lower levels in ventral axons (Figures 8A and 8A0).
Figure 7. GDNF Is Required for Dorsal Hindlimb Innervation In Vivo
(A and B) Anti-neurofilament 160 staining of hindlimbs from stage-
matched controls (wt andGdnflacz/+) (A) andGdnf null mutant (B) em-
bryos at E12.5 (Cat III, severe). Schematic representations in (A0) and
(B0). Scale bar is 250 mm.
(C) Distribution of different categories of phenotypes in Gdnf null
mutants.
(D) Average thickness of tibial (TN) and peroneal (PN) nerves in E12.5
Gdnf2/2 mutants compared to their stage-matched wild-type and
heterozygous controls (asterisk indicates p < 0.00001; Student’s
t test).
(E) Thickness of the nerves indicated as the ratio PN/TN (asterisk in-
dicates p < 0.00001; Student’s t test). Error bars represent SEM.
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EphA4-positive dorsal axons chose the same ventral
trajectory as weakly EphA4-positive ventral axons (Fig-
Figure 8. EphA4 Protein Expression Is Not Regulated by GNDF/Ret
and Vice Versa
(A–C) Immunohistochemical analyses on E11.5 transverse vibra-
tome sections of stage-matched wild-type (A) of Ret2/2 (B) and of
Gdnf2/2 (C) mutant embryos with anti-EphA4 antibodies. In this par-
ticular wt example (A), both dorsal and ventral nerve branches are
visible on a single section. In most cases however, the sectioning an-
gle was slightly oblique so that dorsal and ventral branches are vis-
ible on adjacent sections (B and B1). The example shown in (C) is
from a Cat III Gdnf2/2 embryo in which there was no more EphA4+
dorsal branch visible. Arrowheads: ventral (tibial) nerve; arrows:
peroneal axons. (A0–C0) Higher magnification views of the ventral
nerves of respective (A)–(C) (boxed area). Note the different intensi-
ties of anti-EphA4 staining in the ventral nerves of Ret2/2 (B0) and
Gdnf2/2 embryos (C0). Although wt ventral nerves contain only axons
expressing low levels of EphA4 (stippled area with arrowhead),
mutant nerves contain axons bundles with high EphA4-staining
intensity (arrow in [B0] and [C0]) similar to the dorsal axons (B1).
This indicates rerouting of dorsal axons to a ventral pathway.
(D and E) Immunohistochemical analyses on E11.5 transverse vibra-
tome sections of stage-matched wild-type (D) and of EphA42/2 (E)
embryos with anti-Ret antibodies. In the wt embryo, both dorsal and
ventral branches are visible on a single section, whereas in the
EphA42/2 embryo, ventral (E) and dorsal branches (E1) are on adja-
cent sections. As above, the mutant ventral branch contains axon
bundles with high Ret staining intensity (arrow in [E0]) similar to the dor-
sal axons (E1). Scale bar in (A) is 250mm in (B), (B1), (C), (D), (E), and (E1).ure 8B). The level of EphA4 expression on these ectopic
ventral axons was similar to the high level of EphA4 ex-
pression observed on the remaining dorsal axons in ad-
jacent sections (Figure 8B1), suggesting that LMC(l)
axons that failed to project dorsally maintained the level
of EphA4 expression characteristic of their LMC(l) iden-
tity. Because the nerve bundles did not mix with each
other, these strongly EphA4-positive ‘‘dorsal’’ axons
clearly stood out from weakly labeled LMC(m) axons
(Figures 8B and 8B0). Similar results were obtained
with Gdnf null mutants (Figure 8C), although in this
case, the dorsal nerve was completely absent. These re-
sults indicate that GDNF/Ret signaling is not required to
induce high levels of EphA4 expression. Moreover, they
show that in absence of GDNF/Ret, EphA4 is not suffi-
cient to mediate the repulsive action of ventral ephrinAs.
We also asked whether EphA4 would maintain Ret
protein levels and performed anti-Ret immunostainings
on sections of E11.5 EphA4 null mutant embryos (Kul-
lander et al., 2001). As previously shown, strongly Ret-
positive axons chose a dorsal trajectory, and weakly
Ret-positive axons chose a ventral trajectory in wild-
type control embryos (Figures 8D and 8D0). In EphA4
null mutant embryos, a small population of strongly
Ret-positive axons was detected in the ventral hindlimb
together with weakly Ret-positive axons (Figures 8E and
8E0). The remaining dorsal nerve, seen on neighboring
sections, still expressed high levels of Ret (Figure 8E1).
These results showed that EphA4 is not required to
maintain high levels of Ret in LMC(l) axons and sug-
gested that in absence of EphA4, the subpopulation of
LMC(l) axons that was rerouted to the ventral compart-
ment failed to respond to GDNF, despite high levels of
Ret. Taken together, these data suggest that Ret and
EphA4 are dispensable for each other’s expression but
are required in parallel to mediate the choice of a dorsal
trajectory by LMC(l) axons.
To acquire direct evidence for the presence of parallel
pathways in hindlimb motor-axon guidance, we inter-
crossed Ret null mutant mice with mice carrying the
EphA4PLAP allele. The EphA4PLAP allele is a gene trap
generated EphA4 loss-of-function mutant line (Leighton
et al., 2001) that displays all of the known EphA4 loss-of-
function phenotypes including a mild alteration of hind-
limb innervation not leading to a stiff hindlimb (Kul-
lander et al., 2001; Leighton et al., 2001). Similar to Ret
null mutants, the majority of E11.5 EphA4PLAP/PLAP
embryos showed an intermediate (Cat II) phenotype
characterized by a significantly shorter peroneal nerve
(Figures 9E and 9I). Double homozygous Ret2/2;
EphA4PLAP/PLAP neurofilament-stained embryos were
all severely affected (Cat III) with a severely shortened
and often defasciculated peroneal nerve (Figures 9G
and 9I). At E12.5, EphA4PLAP/PLAP embryos showed
a rather mild reduction of peroneal axons, whereas the
phenotype of the majority of Ret null mutants was inter-
mediate (Figures 9D, 9F, and 9J). The most severe guid-
ance defects were displayed by Ret2/2;EphA4PLAP/PLAP
embryos (Figures 9H and 9J). Based on their character-
istic trajectories, the few remaining axons appear to be
primarily of sensory nature. These results suggest that
Ret and EphA4 are both required for dorsal pathway se-
lection of limb-innervating axons in what appears to be
parallel signaling pathways.
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The aim of the studies reported here was to identify novel
guidance signals for topographic projections of specific
motor axons to limb muscles. Our main results are as
follows. First, LMC(l) axons express high levels of Ret
and project to a dorsal territory enriched in GDNF. Sec-
ond, in mutant mice lacking GDNF or Ret, many LMC(l)
Figure 9. Functional Cooperation between Ret and EphA4 In Vivo
Representative anti-neurofilament 160 stained hindlimbs from wild-
type (wt) (A and B), Ret2/2 (C and D), EphA4PLAP/PLAP (E and F), and
Ret2/2;EphA4PLAP/PLAP mutant embryos (G and H) of the indicated
embryonic stages. For details see Figure 3. Note the severe reduc-
tion of the peroneal nerve in double Ret2/2;EphA4PLAP/PLAP mutant
embryos (G and H). (I and J) Distribution (in percent) of different cat-
egories of phenotypes in single and double mutants at E11.5 (I) and
E12.5 (J) (n, number of legs; E11.5: Ret2/2, n = 14; EphA4PLAP/PIAP,
n = 12; Ret2/2; EphA4PLAP/PLAP, n = 12; E12.5: Ret2/2, n = 26;
EphA4PLAP/PLAP, n = 23; Ret2/2; EphA4PLAP/PLAP, n = 15). Scale
bars are 250 mm. (K) Schematic model of cooperation of GDNF in
the dorsal limb mesenchyme (green) and ephrinAs in the ventral
mesenchyme (red). Both signals are required for EphA4+ and Ret+
LMC(l) axons (dark blue) to project to dorsal targets.axons are rerouted to an aberrant ventral trajectory. As
shown by the LMC(l) marker Lim1, this phenotype is
caused by a pathfinding defect and not by misspecifica-
tion, reduced survival, or reduced axonal growth of
LMC(l) neurons. Third, the requirement of Ret is likely
to be cell autonomous as shown by conditional removal
of Ret in cells of the spinal cord. Fourth, Ret, when over-
expressed, is sufficient to reroute some LMC(m) axons
inappropriately into the dorsal nerve trunk. Fifth, the mis-
projection phenotype of limb-innervating axons is
enhanced in mutant mice lacking Ret and EphA4. Taken
together, these results suggest that Ret and EphA4
cooperate to enforce the precision of the same binary
choice, to project dorsally rather than ventrally.
GDNF/Ret Signaling Is Required for Motor-Axon
Growth into the Dorsal Limb
There is compelling evidence that GDNF and related
family members are potent axon outgrowth promoting
factors in vivo (reviewed in Markus et al. [2002]); how-
ever, there is no previous report demonstrating that axon
pathfinding choices are influenced by a GDNF family
member. The GDNF family member Artemin (ARTN) is
expressed along blood vessels and acts as chemoat-
tractant for sympathetic fibers to follow blood vessels.
However, ARTN is also a potent axon outgrowth factor.
Hence, in ARTN-deficient embryos, axonal outgrowth
from superior cervical ganglion cells is severely im-
paired or absent (Honma et al., 2002). Motor neurons re-
spond to GDNF with robust axon outgrowth, and ec-
topic expression of GDNF in muscle in transgenic
mouse models leads to local hyperinnervation of neuro-
muscular junctions (Nguyen et al., 1998). More recent
work has shown that GDNF in muscle promotes axon
terminal branching that counteracts the ongoing syn-
apse elimination (Keller-Peck et al., 2001). Those studies
did not implicate GDNF in regulating topographic pro-
jections of motor axons. Early in development, GDNF
produced by distinct muscles induces the expression
of the ETS transcription factor, PEA3, in specific motor-
neuron pools (Haase et al., 2002). PEA3 is required for
specification of motor-neuron identity. In gdnf and
pea3 mutant mice, specific motor-neuron cell bodies
are mispositioned within the brachial region of the spinal
cord and target innervation is perturbed secondarily
(Livet et al., 2002). Finally, soluble GFRa1 protein pro-
duced by target cells can potentiate neurite outgrowth
in vitro by capturing GDNF and presenting it to axonal
Ret receptors (Ledda et al., 2002), suggesting that
GFRa1 receptors can act as a chemoattractant for pe-
ripheral neurons. Whether the latter findings have any
physiological relevance for in vivo guidance of periph-
eral axons has not yet been investigated.
The present study provides genetic evidence that Ret
signaling controls the dorsoventral choice of motor
axons in the hindlimb and that GDNF is an essential li-
gand for this new function. Dorsally projecting LMC(l)
axons possess higher levels of Ret protein and are
more responsive to GDNF than ventrally projecting
LMC(m) axons. Both Ret and Gdnf mutants show mis-
projections of motor axons. These are true axonal guid-
ance mistakes because in the absence of Ret or GDNF,
LMC(l) axon outgrowth is not diminished, but instead
axons are rerouted to a ventral pathway as shown by
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nostainings. Our ectopic expression of chick Ret in
LMC(m) neurons also suggest a role for GDNF in path-
finding: in the majority of cases, LMC(m) axons that ex-
pressed Ret ectopically projected aberrantly into the
dorsal limb. Although these findings provide genetic ev-
idence for a participation of the GDNF/Ret system in DV
pathway selection by motor axons, further in vitro exper-
iments will be required to establish whether GDNF can
directly influence the pathfinding of motor-axon growth
cones. GDNF has previously been shown to induce the
expression of PEA3 thereby influencing neuronal speci-
fication and growth characteristics (Haase et al., 2002).
Our analysis of axon projections inpea3mutant embryos
did not reveal dorsal/ventral pathfinding defects of hind-
limb-innervating axons (data not shown). Thus, we can
exclude the possibility that GDNF has indirect modula-
tory effects on hindlimb-innervating axons via the regu-
lation of PEA3. The possibility remains that GDNF acts
indirectly through another transcriptional regulator.
Cooperation between GDNF/Ret and ephrinA/EphA4
in Motor-Axon Guidance
Our genetic analyses of Ret and EphA4 suggest that
both signals cooperate to direct motor axons into a dor-
sal pathway (see model in Figure 9). Absence of either
Ret or EphA4 produces phenotypes that vary in severity
with some LMC(l) axons being misrouted and others
reaching the dorsal compartment as in wild-type em-
bryos. Absence of both Ret and EphA4 produces gener-
ally strong phenotypes with all LMC(l) axons misrouted
into a ventral pathway. Our findings provide a compelling
example of true cooperation between different guidance
signals to enforce the same pathway choice. Other de-
scribed experimental scenarios include the choice of
spinal cord commissural axons to grow to the ventral
midline (Charron et al., 2003; and references within; But-
ler and Dodd, 2003). For most axon-guidance decisions,
for which the molecular cues are beginning to be under-
stood, however, a single required pathway is known
(Williams et al., 2003).
The observed cooperation between Ret and EphA4 in
establishing proper hindlimb innervation raises the
question whether Ret signaling can function in the ab-
sence of EphA4 signaling. Our in vivo observations sug-
gest that this is indeed the case. In the EphA4;Ret dou-
ble mutants, we generally observe strong pathfinding
phenotypes, which are partially rescued in the EphA4
single mutants. Hence, the presence of Ret alone is suf-
ficient for at least a fraction of peroneal axons to project
dorsally in a significant proportion of mutant embryos.
Support for this conclusion also comes from the gain-
of-function experiments in chick. Ectopic expression
of Ret in LMC(m) neurons can redirect them to a dorsal
pathway despite low levels of EphA4 that are subthresh-
old for mediating the repulsive effects of ephrinAs. More
definitive conclusions would, however, require in vitro
explant growth/guidance assays with GDNF under con-
ditions in which EphA4 expression is (largely) elimi-
nated.
What are the mechanisms that underlie the observed
cooperativity between Ret and EphA4? We have ex-
cluded the possibility that Ret is required for maintaining
EphA4 expression or vice versa because the levels ofRet and EphA4 proteins were not altered in the EphA4
and Ret null mutants, respectively (Figure 8). Ret may,
however, be required for maintaining the expression of
essential downstream components of EphA4 signaling.
A candidate for such an effector could be ephexin1,
a guanine nucleotide exchange factor (GEF), that is re-
quired for EphA4-mediated growth cone collapse (Sahin
et al. 2005). Alternatively, Ret signaling may directly in-
fluence EphA4 signaling. One receptor may directly alter
the phosphorylation status of the other, thereby modify-
ing its signaling properties. Ret and EphA4 signaling
pathways may converge at some point distal to the
plasma membrane at the level of Src kinases. Src family
kinases were shown to interact with Ret and Ephs and
appear to enhance the neurite growth-promoting effects
of GDNF and the repulsive effects of ephrinAs (Encinas
et al., 2001; Knoll and Drescher, 2004). Alternatively,
Ret- and EphA4-signaling pathways could act in parallel
ultimately acting on the cytoskeleton with opposing ef-
fects on the growth cone’s actin and microtubule dy-
namics (Dent and Gertler, 2003). Whatever the molecular
interactions may be, our results suggest a positive inter-
action: Ret enhances and does not interfere with the
ability of EphA4 to mediate repulsion. This would explain
why in Ret null mutants, EphA4-positive axons turn into
a ventral pathway despite the presence of repellent eph-
rinAs. Likewise, EphA4 should enhance, rather than in-
terfere with, the ability of Ret to mediate the attractive
activity of GDNF. This would be consistent with the
fact that Ret-positive axons turn ventral despite the
presence of GDNF at the branch point.
Could Ret influence ephrinA reverse signaling? Previ-
ous reports have shown that LMC(l) axons at hindlimb
levels not only express EphA4 receptors but also eph-
rinA ligands (Eberhart et al., 2000; Iwamasa et al.,
1999). These factors may exert opposing effects on
growth cones in vitro: EphAs could mediate growth
cone collapse/repulsion, whereas ephrinAs may signal
motor-axon growth/attraction (Marquardt et al., 2005).
Because EphA4 is expressed by dorsal limb mesen-
chyme, it has been suggested that EphA4 interactions
with axonal ephrinA induces reverse signaling and at-
tracts LMC(l) axons into a dorsal trajectory (Eberhart
et al., 2000, 2002; Marquardt et al., 2005). The mecha-
nism of ephrinA-mediated growth or chemoattraction
is not understood. It is likely, however, that it involves
ephrinA clustering and the tangential recruitment of
other membrane proteins, possibly including Ret. Ephri-
nAs and Ret may share downstream signaling compo-
nents or even form a receptor complex that signals
growth or attraction. Further genetic loss-of-function
and in vitro growth/guidance experiments must be per-
formed to test these hypotheses. We may find that
LMC(l) axons are guided in the hindlimb by multiple at-
tractive signaling pathways that direct them into a dorsal
trajectory and by repulsive signaling that repels them
from a ventral trajectory.
Experimental Procedures
Transgenic Animals
The floxed Ret allele (Retlx) was generated by homologous recombi-
nation in embryonic stem cells according to standard protocols. The
DNA fragments for the construct were amplified by PCR and the
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probe encoding exon 15. Two independent embryonic stem cell
clones were used for generating mice, which showed similar pheno-
types. The neo cassette in the targeted Ret locus was removed
by crossing Retlx mice with FLPe mice (Rodriguez et al., 2000).
Deleter-Cre mice were used to generateRet null mutants (Lallemand
et al., 1998). The mice used for this study were kept on a C57Bl6/J
genetic background with contributions of 129/sv and CBA/J from
the different Cre lines, Lim1tlz, and ephA4PLAP transgenic crosses.
Biochemistry
Western blot analysis from E12.5 spinal cords was performed ac-
cording to standard techniques (Kramer et al., 1998) with a rabbit
anti-Ret (1:250, Santa Cruz) and a mouse monoclonal anti-a-tubulin
antibody (1:500, Sigma).
Histology and Immunohistochemistry
Whole-mount embryos and spinal cords were fixed with 0.2% glu-
taraldehyde and stained with the b-galactosidase substrate X-gal
(Bio Vectra). Tissues were photographed after clearing (see also
Supplemental Experimental Procedures). Primary antibodies used
were rabbit anti-Ret (1:100, Santa Cruz), goat anti-Gfra1 (1:50,
R&D), goat anti-GDNF (1:50, R&D), rabbit anti-EphA4 (1:600, Santa
Cruz), rabbit anti-neurofilament 150 (1:600, Chemicon), and mono-
clonal mouse anti-neurofilament 160 (1:300, Sigma). Islet1/2 anti-
bodies (39.4D5) and Lim1/2 antibodies (4F2) (Tsuchida et al., 1994)
were obtained from Developmental Studies Hybridoma Bank (see
also Supplemental Experimental Procedures).
Phenotypic Analysis
Anti-neurofilament-stained mouse embryos were grouped into three
different categories depending on the strength of the phenotype.
E11.5
Cat I (mild): slightly shorter and/or scattered axons; Cat II (interme-
diate): clearly shorter and/or notably defasciculated; Cat III (strong):
very short or absent and/or extremely defasciculated few axons.
E12.5
Cat I (mild): the peroneal nerve is slightly thinner and/or the fork-like
branch at the distal end appears atrophied; Cat II (intermediate): ob-
vious reduction of the peroneal nerve structure in caliber and length
and/or loss of the distal end branch; Cat III (strong): length of the PN
is reduced to at least half of the original length, and distal branches
are completely lost.
Targeted In Ovo Electroporation and Retrograde Labeling
Fertilized White Leghorn chicken eggs were incubated until stage 15
of development. Plasmid DNA (3–4.8 mg/ml Ret/EGFP or 3–4.8 mg/ml
pCAX) was injected into the lumen of the neural tube and transfected
into LMC(m) neurons primarily with in ovo electroporation, as previ-
ously described (Eberhart et al., 2002) (see also Supplemental Ex-
perimental Procedures). After incubating embryos to stages 27/28,
we performed retrograde backfills with Alexa 568 10,000 MW dex-
tran (6.25%) or DiI (Molecular Probes) to label LMC cell bodies.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/50/1/35/DC1/.
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